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In most mammals, females are the sole caregivers of their young, and the onset of maternal care has been linked to the neuroendocrine changes that mothers undergo during gestation, parturition and lactation (1) . In approximately 5-10% of mammalian genera, fathers also provide care for their offspring (2) , and males in these biparental species typically undergo distinct hormonal changes when they become fathers or behave paternally (3) . Importantly, the endocrine changes experienced by fathers involve some of the same hormones and neuropeptides that regulate maternal care (i.e. oestrogens, progestogens, prolactin, oxytocin and vasopressin, amongst others) (3, 4) . As in females, these steroids and peptides are presumed to act on the neural circuitry regulating parental behaviour, altering neural responses to stimuli from neonates and, as a result, influencing the probability of a male behaving paternally (1) . To date no single, unifying model of the endocrine activation of male parental care in mammals has been established because a particular hormone can have contrasting effects on paternal care in different species (3) .
In some biparental rodent species, males undergo changes in availability of and/or receptor densities for oestrogen (E 2 ) in the brain nuclei involved in paternal care [e.g. medial preoptic area of the hypothalamus (MPOA)] and anxiety [e.g. bed nucleus of the stria terminalis (BNST)] (4) at the onset of fatherhood. For example, male mandarin voles (Microtus mandarinus) show decreased oestrogen receptor (ER)a immunoreactivity (-IR) in the MPOA and BNST 2-3 days after the birth of their first litter compared to males with no previous paternal experience (5) . In the biparental California mouse (Peromyscus californicus), E 2 has been shown to increase parental care in males (6) . Additionally, in this species, fathers show increased aromatase activity in the MPOA 2-3 weeks after the birth of their first litter (7) . Higher aromatase activity presumably increases local E 2 levels within the brain with the onset of fatherhood (7) .
Although the role of progesterone (P4) in the regulation of maternal care has been well studied (8, 9) , little is known about its involvement in paternal care. Work on the California mouse suggests a negative correlation between circulating P4 concentrations and the expression of paternal behaviour (7) , although no experimental data are available to confirm a direct role of P4 in paternal care in any naturally biparental species. Findings from the uniparental house mouse (Mus sp.), however, indicate that P4 signalling can promote infanticide and inhibit paternal care. Male mice with genetic deletion of progesterone receptor (PR) show increased pupdirected care and reduced infanticide compared to wild-type males, and chronic administration of the PR antagonist RU486 to wildtype male mice increases paternal care (10) . In addition, P4 administration increases pup-directed aggression (11) .
Oxytocin has been implicated in a variety of social behaviours in mammals, including those involved in maternal care (4); however, as with P4, few data are available on the role of oxytocin in paternal care. Male California mice show changes in peripheral oxytocin levels with the pregnancy of their mate (12) . In the Mandarin vole, both fathers and virgin males previously exposed to pups exhibit increased numbers of oxytocin-immunoreactive cells in the paraventricular nucleus of the hypothalamus and the supraoptic nucleus compared to males without previous pup experience (5) .
Vasopressin (AVP) has been implicated in paternal care in both Microtus (13) (14) (15) and Peromyscus (16) (17) (18) (19) . For example, administration of AVP into the lateral ventricles or the lateral septum promotes paternal care in the prairie vole (Microtus ochrogaster) (15) . Furthermore, meadow vole (Microtus pennsylvanicus) fathers, which show facultative paternal care, exhibit increased AVP receptor (V1a) densities in the anterior commissure, as well as decreased AVP receptor densities in the lateral septum, compared to nonfathers (20) . Finally, male P. californicus and P. leucopus show a positive relationship between paternal care and AVP-IR in the BNST (16) .
In the present study, we aimed to further characterise the neuroendocrine changes associated with the onset of paternal behaviour in the monogamous, biparental California mouse. Fathers in this species engage in high levels of paternal care, performing all the same behaviours as mothers, except for nursing (21) ; however, sexually na€ ıve males are quite variable in their paternal responsiveness (22) . As described above, previous studies have found changes in P4, aromatase activity, oxytocin and AVP with the onset of fatherhood in this species; however, the central expression of steroid and neuropeptide hormone receptors in new fathers has not been investigated. Therefore, we aimed to characterise central levels of receptor mRNA for behaviourally relevant hormones and neuropeptides in new fathers compared to virgin males, and to relate differences in receptor expression to differences in paternal behaviour. Specifically, we aimed to determine whether ERa, PR, oxytocin receptor (OTR) and V1a mRNA expression is affected by reproductive state (breeding versus nonbreeding, sexually inexperienced males) and how these neuroendocrine parameters correlate with behavioural responsiveness toward an unfamiliar pup in male California mice. We chose to examine gene expression because this is an efficient approach for assessing both steroid and neuropeptide signalling pathways in the same animals. Although validated antibodies are available for ERa and PR, validated antibodies of OTR and V1a are not commercially available.
We focused on the MPOA, medial amygdala (MeA) and BNST to determine how fatherhood may differentially affect hormone-receptor mRNA expression in these brain regions and thus how it might influence paternal behaviour and emotional states potentially associated with it. In female rodents, the onset of motherhood is associated with reductions in fear and anxiety, which have been suggested to facilitate the onset of maternal behaviour (4) . We hypothesised that fatherhood would induce changes in ERa, PR, OTR and V1a expression in brain nuclei potentially involved in parental care because fathers of this species experience central and/or peripheral changes in E 2 , P4, oxytocin and AVP availability (7, 12, 16) . Moreover, we predicted that differences between fathers and virgin males in central expression of receptor mRNA would correlate with changes in behavioural responses to pups.
Materials and methods

Animals
We used California mice that were born and reared in our breeding colony at the University of California, Riverside (UCR) and descended from animals purchased from the Peromyscus Genetic Stock Center (University of South Carolina, Columbia, SC, USA). To minimise inbreeding, we routinely avoid pairing males and females that are more closely related than second cousins. Mice were weaned at 27-32 days of age, prior to the birth of siblings. At weaning, animals were housed in same-sex groups consisting of four age-matched individuals (littermates and/or unrelated).
Animals were housed and maintained as described previously (23) . Briefly, mice were housed in polycarbonate shoebox-type cages (44 9 24 9 20 cm) with aspen shavings and cotton wool (approximately 5 g), and were provided with Purina Rodent Chow 5001 (LabDiet, Richmond, IN, USA) and water ad lib. Animals were kept under a 14: 10 h light/dark cycle (lights on at 05.00 h). Room temperature and humidity were maintained at approximately 18-26°C and 60-70%, respectively. All procedures used were in accordance with the Guide for the Care and Use of Laboratory Animals and were reviewed and approved by the UCR Institutional Animal Care and Use Committee. UCR is fully accredited by the Association for Assessment and Accreditation of Laboratory Animal Care.
Reproductive conditions
When they were at least 90 days old (mean AE SE, 118.00 AE 1.08 days), male mice were randomly assigned to one of two reproductive conditions. Virgins (n = 7) were pair-housed with an unrelated male from their original same-sex group (cage mates were tested simultaneously), had no prior sexual experience and had never been exposed to a pup (except their own littermates) prior to testing. Fathers (n = 8) were paired with an unrelated, age-matched female and, eventually, their first litter of pups. No more than one male from a particular family was used in either condition.
Behavioural testing and tissue collection
Virgins were 115-178 days old (mean AE SE, 157.00 AE 3.71 days) and had been paired for 41.50 AE 0.83 days at the time of behavioural testing (see below). Fathers were tested for their paternal response when they were 142-184 days of age (164.10 AE 1.88 days) and were tested 2-4 days after the birth of their first litter (time from pair formation to first birth: 41.44 AE 0.65 days). Thus, fathers had both sexual and parental experience at the time of testing, and their mates were lactating and very likely pregnant with their second litter because this species experiences postpartum oestrus (24) . The age at testing did not differ significantly between virgins and fathers (H = 29.00, P = 0.95; Mann-Whitney U-test). Behavioural testing was performed in the colony room at 19.30-20.00 h, shortly after the onset of the active (lights off) phase. Mice were isolated in a clean cage with fresh bedding, food and water for 30 min prior to being tested.
At the beginning of each test (pup-test), an unrelated pup was placed at the end of the cage opposite to the focal male's location, and the animals were videotaped under red light for 10 min. Each test was later scored for paternal behaviours [latency to approach pup, latency to behave paternally (i.e. groom and/or huddle with pup), total duration of paternal behaviour and duration of investigating (i.e. sniffing) pup] using JWATCHER event-recorder software (22, 25, 26) . The scorer of the behaviour for each video was blind to the male's reproductive condition. Immediately after the pup-test, adult males were decapitated, brains were dissected and placed on dry ice within 1 min of decapitation, and stored at À80°C before being shipped to the University of California, Davis for mRNA quantification (see below).
Quantification of mRNA expression
Frozen brains were cut at 500 lm on a cryostat and then transferred to RNAlater (Life Technologies, Carlsbad, CA, USA). Sections were stored overnight at 4°C. The MPOA, BNST and MeA were microdissected using a 1-mm punch sample as described previously (27) (Fig. 1 ). The MPOA samples were taken from a slice at approximately 0.02 from the bregma, and each punch was taken just lateral to the third ventricle (28) . Bilateral BNST samples were taken from the same slice, with each punch taken just lateral to the fornix and dorsal to the anterior commissure. This punch sample includes the sexually dimorphic oval nucleus of the BNST and lateral posterior BNST (29) . The MeA samples were taken from a slice at approximately À1.7 from the bregma. Each punch sample was taken immediately lateral to the optic tract. These punch samples include both the sexually dimorphic posterodorsal MeA and posteroventral MeA (29) . Punch samples were frozen on dry ice and stored at À40°C until RNA extraction. Total RNA was extracted using Ambion RNAqueous Micro-kits (AM1931; Life Technologies) and all samples were treated with DNAse. Next, 1 lg of RNA was reverse transcribed using an iScript cDNA synthesis kit (170-8891; Bio-Rad, Hercules, CA, USA).
For the real-time polymerase chain reaction (PCR), Taqman chemistry was used to detect OTR, V1a and ERa gene expression as described previously (30) . SYBR green chemistry was used to detect total PR gene expression, and a melt curve analysis indicated that a single PCR product was formed by this primer set. Sanger Sequencing (ABI Prism â 3730 Genetic Analyzer) was used to confirm product specificity. Relative gene expression was calculated by comparison with a standard curve consisting of serial dilutions of pooled California mouse hypothalamic samples (1: 2, 1: 4, 1: 5 and 1: 10) followed by normalisation to 18S gene expression (Applied Biosystems, Foster City, CA, USA). Primer and probe sequences are listed in Table 1 .
Statistical analysis
Some samples were not used in some of the analyses because of complications with the dissection/extraction process. As a result, samples sizes varied across analyses (for final sample sizes, see Results).
All statistical analyses were completed using R statistical software (31) . Normality was tested using Shapiro-Wilk tests. Behavioural and neuroendocrine (i.e. receptor mRNA expression) measures were compared between reproductive conditions (fathers and virgins) using t-tests for normally distributed data and Mann-Whitney U-tests for non-normal data. Spearman's rho was used to correlate receptor mRNA expression in the MPOA, BNST and MeA with males' behavioural responses to pups, as well as for correlations between behaviours. Correlations were performed using data for fathers and virgins pooled together, as well as separately. To determine whether age affects a male's behavioural response to a pup or central hormone receptor mRNA expression, we performed correlations between age and the neuroendocrine and behavioural measures recorded. One MEA sample (one father) did not yield useable RNA and during quantitative PCR analyses, two MEA samples (two virgins, one father) did not show amplification of 18S and were excluded from the analyses.
Results
Paternal behaviour
All virgin males and all fathers behaved paternally (i.e. licked and/or huddled) towards an experimentally presented pup. Fathers, however, had shorter latencies to initiate paternal behaviour compared to virgins (H = 9.00, P = 0.02; Mann-Whitney U-test) (Fig. 2) . Additionally, fathers tended to have higher scores for their overall paternal response (i.e. total duration of licking + huddling; P = 0.07) and shorter latencies to approach pups (P = 0.09) compared to virgins (Fig. 2) ; however, these trends were not statistically significant. On the other hand, virgins spent more time investigating pups compared to fathers (H = 8.00, P = 0.02; Mann-Whitney U-test) (Fig. 2) . No other differences in behavioural responses to pups were found between fathers and virgins.
Correlations between behavioural measures
Because all males in both conditions behaved paternally, Spearman correlations between behavioural measures were performed using pooled data from all mice; results are presented in Table 2 . We found a negative correlation between males' latency to approach pups and overall paternal response (q = À0.84, P = 0.0003, n = 15). Additionally, males that had longer latencies to approach pups also had longer latencies to behave paternally (q = 0.91, P < 0.0001, n = 15). Time spent investigating pups was positively correlated with both latency to approach pups (q = 0.74, P = 0.002, n = 15) and latency to behave paternally (q = 0.84, P < 0.001, n = 15). Finally, males that spent more time investigating pups showed a lower overall paternal response (q = À0.90, P < 0.0001, n = 15).
Receptor gene expression
Fathers and virgin males differed significantly in expression of mRNA for several receptor types in the BNST (Fig. 3) . Fathers had lower BNST mRNA expression for OTR (t = À2. 29 
Correlations between behavioural measures and receptor mRNA expression
Correlations of behavioural and neuroendocrine data within each reproductive condition did not reveal any significant relationships between variables. For virgins, however, we found a marginally significant negative correlation between time spent investigating the experimentally presented pup and OTR mRNA expression in the BNST (q = À0.82, P = 0.05, n = 7). When we pooled data from fathers and virgins, we found a positive relationship between V1a mRNA expression in the BNST and latency for males to behave paternally (q = 0.58, P = 0.04, n = 14) ( Fig. 4 ). Levels of PR mRNA expression in the BNST showed a significant positive correlation with the duration of time males spent investigating the experimentally presented pup (q = 0.59, P = 0.03, n = 13) ( Fig. 4) . Similarly, PR mRNA expression in the MPOA was positively correlated with time spent investigating pups (q = 0.54, P = 0.04, n = 12) ( Fig. 4 ). Finally, OTR expression in the MeA was negatively correlated with latency to behave paternally (q = À0.80, P = 0.02, n = 8).
Correlations between age of animals and the various behavioural and neuroendocrine measures did not reveal any significant relationships.
Discussion
In the present study, we aimed to characterise potential differences between first-time fathers and virgin male California mice in the central expression of PR, ERa, OTR and vasopressin (V1a) receptor gene expression. We focused on the MPOA, MeA and BNST, which are brain areas involved in paternal care, fear and anxiety. We further aimed to investigate correlations between these measures and males' behavioural responses to an unfamiliar, unrelated pup. Our results indicate that male California mice show distinct differences in receptor mRNA expression with respect to reproductive condition. Specifically, fathers had significantly lower PR, OTR and V1a mRNA expression in the BNST compared to virgins. Father and virgins had no significant differences in expression of ERa mRNA in the BNST, nor in mRNA expression for any receptors in the MeA or MPOA. Fathers did, however, tend to have lower PR mRNA expression in the MPOA (P = 0.07).
Our behavioural results confirm that captive male California mice can be paternally responsive independent of reproductive condition because both virgins and fathers huddled with and/or licked pups (22, 32, 33) . Nonetheless, fathers and virgins differed in specific components of their behavioural response to a pup: fathers had shorter latencies to behave paternally, and spent less time investigating pups, compared to virgins. Correlations between behavioural measures revealed that latencies to approach pups and time spent investigating pups were negatively correlated with a male's parental response (duration of huddling and licking). These findings suggest that the investigation of pups is distinct from affiliative components of paternal behaviour and in fact shows a negative relationship with paternal responsiveness.
In rodents, the MPOA is essential for the expression of both maternal and paternal behaviour (4) . Studies in California mice show that lesions of the MPOA cause deficits in parental care in both sexes (34, 35) , and parentally experienced males show increased Fos-IR in the MPOA after being exposed to an unrelated pup compared to virgin males or males whose mates were pregnant with their first litter (19) . Our results suggest that changes in PR mRNA in the MPOA might influence paternal care in the California mouse because males with paternal experience (fathers) tended (P = 0.07) to have a lower expression of PR mRNA in the MPOA, compared to virgin males. Circulating concentrations of P4, which might be negatively correlated with PR density (36) , are lower in California mouse fathers 2-3 weeks after the birth of their first litter compared to nonfathers (7) ; however, this may not reflect P4 signalling during the early postpartum period (e.g. 2-4 days postpartum), which is the time frame used in the present study. Alter- Latency to approach pup q = 0.91, P < 0.0001, n = 15 q = À0.84, P = 0.0003, n = 15 q = 0.74, P = 0.002, n = 15 Latency to behave paternally (huddle or groom pup) q = À0.86, P < 0.001, n = 15 q = 0.84, P < 0.001, n = 15
Paternal behaviour (huddle + groom pup; duration) q = À0.90, P < 0.0001, n = 15 natively, PR expression in fathers could have been influenced by other endocrine changes, such as possible changes in E 2 availability within the brain (37) . Independent of the mechanism, males might experience reduced expression of PR mRNA during the early postpartum period, when altricial pups are in most need of parental care (38) . Because P4 signalling has been shown to inhibit paternal care and increase rates of infanticide in uniparental house mice (10, 11) , it may be beneficial for males to become less responsive to P4 when they become fathers. Indeed, we found a positive correlation between PR mRNA expression in the MPOA and time spent investigating pups. Fathers showed a lower expression of mRNA for PR, OTR and V1a receptors in the BNST, suggesting that the BNST potentially becomes less responsive to these hormones and neuropeptides before or during the early postpartum period. In rodents, the BNST is strongly implicated in the behavioural response to aversive, unpredictable stimuli (i.e. anxiety) (39) , although it has also been implicated in paternal care and aggression. For example, California mouse fathers show an increase in Fos-IR in the BNST after exposure to a mesh ball containing an unrelated pup compared to exposure to an empty mesh ball, as well as compared to virgin males similarly exposed to a pup (19) . Additionally, among California mice housed under a short-day length regime, which increases aggressive behaviour, males tested in a resident-intruder aggression test have elevated levels of cellular activity (as estimated by phosphorylated extracellular signal regulated kinase) in the posterior BNST compared to males under the same day-length regime not exposed to an intruder (40) .
As discussed above, P4 has been shown to negatively influence males' parental response (3) . We found that PR mRNA expression in the BNST was positively correlated with the time spent investigating pups, and males that spent more time investigating showed an overall lower paternal response. Thus, our correlational data suggest that a reduced expression of PR mRNA in the BNST might increase a male's paternal responsiveness.
In contrast to P4, both OT and AVP have been shown to enhance paternal care in biparental rodents (41, 42) . Consistent with these findings, males with higher levels of OTR expression in the MeA were faster to display paternal behaviour than males with lower levels of OTR. By contrast, males with more V1a mRNA expression in the BNST were slower to behave paternally, suggesting that a reduced expression of V1a mRNA in the BNST might reduce paternal motivation in California mice. Typically, stimulatory effects of AVP on paternal behaviour are considered to be mediated by projections from the BNST to the lateral septum (15) , rather than the actions of AVP within the BNST. On the other hand, the effects of OT on parental behaviour could be mediated by the local effects of OT in the BNST and paraventricular nucleus of the hypothalamus (42, 43) . The mechanism that results in decreased OTR and V1a mRNA expression in the BNST in fathers compared to virgin males is unknown. At this point, it is not clear why, at a functional level, the expression of mRNA for OTR and V1a receptors in the BNST would decrease in fathers. One possibility is that these neuroendocrine changes might not affect paternal care directly but might regulate paternal aggression in this species because California mouse fathers are significantly more aggressive than virgins (44) . E 2 is important for the maintenance of paternal care in the California mouse. Castration reduces paternal responsiveness in experienced fathers 2-3 weeks after birth of a litter, whereas E 2 treatment restores paternal care (6) . During this same period, new fathers have higher aromatase activity in the MPOA compared to males without paternal experience (7) . In the present study, we found no significant difference 2-4 days postpartum in ERa mRNA expression in either the MPOA or the BNST of fathers compared to virgins. Moreover, ERa mRNA expression was not correlated with any aspect of males' behavioural responses to a pup. It is possible that local increases in E 2 within the MPOA in fathers are not associated with changes in receptor mRNA expression in the same region. Alternatively, increased local aromatase activity might be accompanied by an increase in ERa expression in the MPOA, although these effects might develop later in the postpartum period compared to the time period used in the present study.
Several limitations of the present study should be taken into consideration when interpreting our results. First, because males that become fathers experience several behavioural and physiological changes during pair-bonding (4), we cannot determine whether the behavioural and neuroendocrine changes that we found in fathers result from pair-bonding or from becoming a father, engaging in paternal care and/or cohabiting with a (pregnant) female. A second limitation is that punch-sampling techniques have a coarser level of anatomical detail than immunohistochemistry or in situ hybridisation. For example, it is not possible to determine whether proteins are expressed in the cell bodies, dendrites or nuclei based on quantitative PCR. However, some of our observations are consistent with previous immunostaining studies. Our observation of no difference in ERa mRNA conforms with the results reported in a previous study showing no difference in ERa immunoreactivity in the MPOA or BNST between virgins and fathers (45) . Third, it is possible that changes in PR and neuropeptide receptor mRNA might not be reflected at the protein level. This can be addressed in future studies, which could also test whether these receptors directly regulate paternal behaviour. Fourth, because the BNST is involved in several physiological and/ or behavioural functions, including anxiety, aggression and stress, changes in receptor mRNA expression in this region might not relate directly to changes in paternal responsiveness or anxiety.
Finally, because we used relatively small sample sizes, our analyses had low statistical power; however, our results suggest that sitespecific manipulations of PR in the MPOA and BNST, as well as neuropeptide receptors in the BNST, are excellent candidates for further study.
In summary, the present is the first to demonstrate that California mouse fathers experience changes in P4, OT and AVP (V1a) receptor gene expression in brain nuclei important in paternal care and anxiety, and that these changes correlate with aspects of behavioural responsiveness to pups. In some rodent species, the onset of both motherhood and fatherhood is associated with changes in parents' levels of anxiety and behavioural responses to stressors (3, 4) , and the BNST is heavily involved in regulating anxiety-like and/or aggressive behaviours (39, 40) . It is possible, therefore, that changes in hormone and neuropeptide receptor expression in the BNST associated with fatherhood may lead to changes in males' behavioural responses to a pup (or to novel stimuli in general) through changes in their state of anxiety (or aggression), facilitating contact between fathers and their offspring. Further work should investigate the mechanisms underlying these changes, as well as their causal role, if any, in the onset of paternal care.
